Background: Recurrent acute otitis media (rAOM, recurrent ear infection) is a common childhood disease caused by bacteria termed otopathogens, for which current treatments have limited effectiveness. Generic probiotic therapies have shown promise, but seem to lack specificity. We hypothesised that healthy children with no history of AOM carry protective commensal bacteria that could be translated into a specific probiotic therapy to break the cycle of re-infection. We characterised the nasopharyngeal microbiome of these children (controls) in comparison to children with rAOM (cases) to identify potentially protective bacteria. As some children with rAOM do not appear to carry any of the known otopathogens, we also hypothesised that characterisation of the middle ear microbiome could identify novel otopathogens, which may also guide the development of more effective therapies. Results: Middle ear fluids, middle ear rinses and ear canal swabs from the cases and nasopharyngeal swabs from both groups underwent 16S rRNA gene sequencing. The nasopharyngeal microbiomes of cases and controls were distinct. We observed a significantly higher abundance of Corynebacterium and Dolosigranulum in the nasopharynx of controls. Alloiococcus, Staphylococcus and Turicella were abundant in the middle ear and ear canal of cases, but were uncommon in the nasopharynx of both groups. Gemella and Neisseria were characteristic of the case nasopharynx, but were not prevalent in the middle ear. Conclusions: Corynebacterium and Dolosigranulum are characteristic of a healthy nasopharyngeal microbiome. Alloiococcus, Staphylococcus and Turicella are possible novel otopathogens, though their rarity in the nasopharynx and prevalence in the ear canal means that their role as normal aural flora cannot be ruled out. Gemella and Neisseria are unlikely to be novel otopathogens as they do not appear to colonise the middle ear in children with rAOM.
Background
Otitis media (OM) refers to a group of inflammatory conditions of the middle ear and is commonly seen in young children. The disease can be divided into two broad categories; acute OM (AOM) and OM with effusion (OME). AOM involves signs of active infection including fever and irritability, and the middle ear contains purulent fluid with a bulging tympanic membrane. OME is characterised by non-purulent effusion and no signs of acute infection. Recurrent AOM (rAOM), defined as 3 or more episodes of AOM within 6 months; or 4 or more in 12 months [1] is also common, with 17% of children experiencing at least 3 episodes before the age of 1 year [2] . Children with rAOM are commonly prescribed repeated courses of antibiotics, and are often referred to an ear, nose and throat (ENT) surgeon for insertion of ventilation tubes (grommets) to prevent rupturing of the tympanic membrane. In Australia, 73% of children under 12 months of age will have experienced OM at least once, with costs to the health care system estimated at $100 to $400 million AUD [3] .
Bacterial pathogens that cause AOM are referred to as otopathogens. The three bacterial species widely recognised as otopathogens are Streptococcus pneumoniae, non-typeable Haemophilus influenzae and Moraxella catarrhalis, which are thought to originate from the nasopharynx and are capable of migrating to the middle ear and persisting within biofilms [4] . Children with AOM are commonly colonised with multiple otopathogens [5] , and coinfection with respiratory viruses is common [6] . However, a proportion of children with AOM do not appear to be colonised with any of the known otopathogens [5, 7, 8] , implying that there may be other bacteria involved in AOM. Alloiococcus otitidis and Turicella otitidis have been associated with OM, but their role in the pathogenesis of AOM remains unknown [9, 10] .
Antibiotic treatment has been shown to be of limited benefit for AOM [11] , and all three otopathogens have exhibited resistance to the antibiotics commonly used to treat it [12] . Additionally, one in five children fitted with grommets will require reinsertion in the future [13] . Considering the limited effectiveness of current treatments, there is a need for alternative therapies for rAOM. Probiotic treatment for rAOM is one alternative that has been investigated in several clinical trials. Probiotics are defined as "live microorganisms, which when administered in adequate amounts, confer a health benefit on the host" [14] and act via mechanisms such as competition for nutrients, stimulation of the immune system and direct inhibition with antibacterial molecules [15] . The effect of probiotics on the recurrence of AOM has been variable, with some studies showing a significant improvement [16] [17] [18] [19] [20] [21] and others reporting no change [22] [23] [24] [25] [26] [27] . The contradictory results of these studies highlight the importance for the development of probiotics containing bacterial strains that are relevant to the upper respiratory tract environment, active against otopathogens and able to colonise the nasopharynx.
A relatively new area of microbiome research involves the identification of commensal bacteria or bacterial products from a 'healthy' microbiome for therapeutic use. Therapies identified by this approach have been successful in resolving relapsing Clostridium difficile disease in mice [28] , resolving Salmonella enterica serovar Typhimurium disease in pigs [29] and inhibiting colonisation and biofilm formation of Staphylococcus aureus in the nasopharynx of adult humans [30] . These studies demonstrate that the microbiome can be a source for effective probiotic treatments, which may be a single species that acts specifically against the pathogen of interest, or a combination of multiple commensal species.
We had two hypotheses in this study. Firstly, we hypothesised that there are bacterial pathogens involved in rAOM other than the known otopathogens. We sought to identify potential novel otopathogens by characterising for the first time the microbiome of the middle ear in children with rAOM and comparing it to their nasopharyngeal microbiome. Secondly, understanding that exposure to other children via attendance at day care or the presence of multiple children in the home is a major risk factor for rAOM [31, 32] , we hypothesised that children exposed to this risk factor but who have not developed rAOM are carrying nasopharyngeal bacteria that provide protection against the disease. We aimed to identify potentially protective commensal bacteria, which may be of use as a specific probiotic therapy for rAOM, by comparing the nasopharyngeal microbiomes of these rAOMresistant children with those of children with rAOM.
Methods

Patient recruitment
Children under the age of 5 years were recruited into either the case (rAOM-prone) or control (rAOM-resistant) group of the Perth Otitis Media Microbiome (biOMe) study in the Perth metropolitan area of Western Australia from December 2013 to December 2015. Cases were undergoing grommet insertion for physician-diagnosed rAOM and were identified as eligible for inclusion by their ENT surgeon. Children undergoing grommet insertion for OME were excluded from recruitment. Middle ear fluid (MEF) from each ear and a nasopharyngeal swab (NPS) were collected at the time of surgery. A saline middle ear rinse (MER) from each ear and one ear canal swab (ECS) were also collected from a subset of patients (56/93) . Healthy controls with no history of rAOM were recruited from a community immunisation clinic. Controls were attending day care or had a sibling up to 5 years of age at the time of collection (i.e. were exposed to previously described major risk factors for rAOM [31, 32] ). A NPS sample was collected from controls. A questionnaire on demographics, risk factors and recent antibiotic use was completed for all case and control subjects (see Additional file 1). Controls were matched to cases by age (within 3 months if case less than 1 year of age; within 6 months if case between 1 and 2 years of age; within 12 months if case between 2 and 5 years of age) and season (within 2 weeks of collection time; to the previous year if no match found in recruitment year). Subjects were matched by sex where possible. Exclusion criteria for both groups included diagnosis of cleft lip or palate, immune deficiency or genetic syndrome. All specimens and questionnaire data were obtained with informed written consent from a parent or guardian. Recruitment to the study was approved by the Human Research Ethics Committees (HREC) at Princess Margaret Hospital for Children (2013119/EP), St John of God Health Care (#708) and the University of Western Australia (RA/4/1/6839) as well as by all relevant hospital governance committees.
Sample collection and storage
All specimens obtained from the cases were collected at the time of grommet surgery by the performing surgeon. ECS specimens were taken from one ear prior to myringotomy (incision of the tympanic membrane) with a sterile FLOQswab (Copan) and were placed in 1 ml skim milk tryptone glucose glycerol broth (STGGB, PathWest). Following myringotomy, MEF specimens from each ear were aspirated into a sterile Argyle™ specimen trap (Covidien) with 2 ml of sterile saline used to flush out the tubing. MER specimens were collected from each ear after aspiration of MEF whereby 2 ml of sterile saline was injected into the middle ear, then aspirated into an Argyle™ trap. A NPS was taken with a sterile FLOQswab, rotating for at least 3 s at the nasopharynx before transferral into 1 ml of STGGB. Specimens from the cases were immediately frozen on dry ice or kept on wet ice and transported to the laboratory on the same day. NPS specimens were collected from controls in the same manner and kept on wet ice until transport to the lab. All specimens were frozen at − 80°C until DNA was extracted.
DNA extraction and sequencing preparation
Swab samples (NPS and ECS) were first prepared by vortexing followed by transferral of the swab, inverted, to a new sterile tube with sterile forceps. This was centrifuged to collect mucus attached to the swab which was then transferred back into the milk broth. All samples were then aliquoted for DNA extraction (500 μl for ECS and NPS, 750 μl for MEF and MER) and each MEF and NPS specimen was also aliquoted for viral typing (200 μl). The remainder of all samples were archived at − 80°C. DNA was extracted with the Wizard SV Genomic DNA Purification System (Promega) and FastPrep Lysing Matrix B tubes (MP Biomedicals) as described in Teo et al. [33] with some modifications. In brief, extractions were carried out inside a class II biohazard hood with UV-sterilised plastics and pipettes wiped with DNA Away (Molecular BioProducts) to minimise contamination. A negative extraction control (reagents with no specimen) was included in each extraction batch and each batch included samples of each type. DNA extraction aliquots were then processed as previously described [33] , with the final purified genomic DNA stored in DNA Lo-Bind tubes (Eppendorf). Samples were quantified by the Qubit 2.0 fluorometer (dsDNA HS assay, Invitrogen) and diluted to 5 ng/μl with low TE buffer (10 mM Tris-HCl, 0.1 mM EDTA, Fisher Biotec). All genomic DNA was frozen at − 80°C until sequencing preparation.
Viral detection
DNA from the viral typing aliquots for all MEF and NPS specimens (cases and controls) was extracted using an automatic extraction platform (MagMAX express 96) according to manufacturer's instructions. These samples were screened for 19 common respiratory viruses (see Table 1 ) using a routine multiplex PCR at PathWest (Perth, Western Australia). This method was developed and described by Chidlow et al. [34] .
Positive sequencing control generation
A mock community of 16 bacterial species (MOCK) was used as a positive sequencing control (see Table 2 ). This included a mixture of Gram positive and Gram negative organisms, including some with known prevalence in the upper respiratory tract and some not expected to be found in this environment. Genomic DNA was extracted from glycerol stocks of each species using the Wizard SV Genomic DNA Purification System, with the exception of N. meningitidis which was obtained as a heat-killed stock. Each species separately underwent PCR amplification and AMPure XP purification (described in the following section). The PCR products were quantified by Qubit fluorometry, diluted to equal concentrations and pooled at equal volumes to create the positive sequencing control that was included on each sequencing run. The theoretical expected relative abundance is 6.25% for each species. The positive sequencing control was aliquoted before freezing at − 80°C to minimise freeze/thaw effects on the DNA. Each sequencing run utilised a separate aliquot, in duplicate.
Amplicon sequencing
Samples were prepared for amplicon sequencing following the Illumina protocol for 16S rRNA gene sequencing (Part # 15044223, Rev. B) with modification to ensure sufficient amplification from samples that yielded low amounts of DNA. The recommended primers (forward: 5'CCTACGGGNGGCWGCAG, reverse: 5'GACT ACHVGGGTATCTAATCC) target the V3/V4 region of the 16S rRNA gene [39] with Illumina adapters attached 
Preprocessing of sequence data
A diagrammatic overview of the entire analysis pipeline is provided in Additional file 2. Demultiplexed pairedend reads in FASTQ format were received from the sequencing centre. Overall run quality was observed with FastQC v0.11.3 [40] . The sequence data was processed via the UPARSE pipeline [41] (using the USEARCH v8.1.1861 algorithm [42] ) and QIIME v1.9.1 [43] . Pairedend reads were merged with USEARCH with maximum expected errors set to 1 and length restricted to 440-470 bp. Amplicon primer sequences were removed from these high quality reads using a custom script [44] before conversion to FASTA format with QIIME, concatenation of the data from all four sequencing runs and dereplication (collapsing into unique sequences) with USEARCH. Reads that aligned to the human genome (GRCh38_p2) were removed with Deconseq v0.4.3 [45] using identity threshold 94% and coverage threshold 90%. Remaining reads were clustered into OTUs (operational taxonomic units) at a 97% identity threshold with USEARCH to create a high quality chimera-filtered representative set of OTU sequences. The original raw paired-end reads were then merged as before but without expected error filtering. This set of reads was then aligned to the high quality OTU representative set with USEARCH to assign an OTU to each sequence (97% identity threshold) and create an OTU table. From this point, the sequences were processed within QIIME. Taxonomy was assigned with UCLUST v1.2.22q [42] at 90% identity with the SILVA database v123 [37, 38] and then aligned to the SILVA core alignment with PyNAST v1.2.2 [46] . We selected the SILVA database over the QIIME default database (GreenGenes release 13_8 [47] ) as Dolosigranulum is not present in the 13_8 release, and is misclassified as Alloiococcus. The alignment was filtered and a phylogenetic tree generated with FastTree v2.1.3 [48] . OTUs that failed to align and those with an abundance below 0.005% were removed from the OTU Common practice is to then rarefy this data, which involves subsampling to an even number of sequences per sample to render them comparable. However, this can discard a large volume of usable data and reduces statistical power [49] . We have avoided the statistically inadmissible [49] practice of rarefying throughout this study. . Odds ratios and associated confidence intervals and p-values for the viral detection data were calculated in R with the exact2x2 function in the exact2x2 package [51] . All subjects who contributed at least one analysable sample were included in the analysis of covariates. Summaries of taxonomic relative abundance were generated with QIIME. Correlation of taxa summaries in QIIME was done in either expected mode (all samples against one theoretical expected mock community) or paired mode (pairs of samples) using the Pearson correlation coefficient with a two-sided permutation test (999 permutations) to calculate a non-parametric p-value.
Alpha (within-sample) diversity was measured using Faith's Phylogenetic Diversity (PD) [52] and inverse Simpson (IS) [53] indices, calculated per sample in QIIME on a cumulative-sum-scale (CSS) normalised and logged OTU table (see differential abundance method for CSS normalisation). PD is a phylogenetic measure that reflects how much of the phylogenetic tree is covered by the OTUs found in the samples. The IS index is a non-phylogenetic measure that takes into account the richness (number of OTUs) and evenness (relative abundance of OTUs) in the sample, with the reciprocal taken so that larger values represent greater diversity. Median values and statistical tests between groups of samples were calculated in R using the Wilcoxon rank sum test for unpaired samples, and Wilcoxon signed rank for paired samples. Alpha diversity boxplots were generated in R with ggplot2 v2.2.0 [54] and gridExtra v2.2.1 [55] .
Beta diversity (between-sample diversity) was calculated using the weighted UniFrac metric [56] in QIIME on the raw OTU table. McMurdie and Holmes [49] demonstrated that weighted UniFrac distances are accurate on raw (unrarefied) data. Two-dimensional principal coordinates analysis (PCoA) plots were also generated in QIIME. Procrustes analysis was used to determine the similarity of the PCoA between pairs of samples collected or treated in two different ways. Comparisons were made between raw and rarefied (subsampled) data, MEF and MER sample types from the same ear, and left and right ears from the same child. The analysis calculates an m 2 value which describes how similar the paired datasets are, with a smaller number indicating the datasets are more similar.
The associated non-parametric p-value describes the chance of seeing an m 2 value at least this extreme in 999 permutations using Monte Carlo simulations. A p-value of 0 means that no value as extreme as the calculated m 2 was observed in these permutations. This was carried out within QIIME and plotted with Emperor [57] .
Co-occurrence analyses
To identify positive and negative correlations between individual OTUs in each sample type, we used SparCC [58] , developed specifically for quantifying correlations in compositional microbiome data. Correlations between OTUs were determined separately for each sample type (case NPS, control NPS, MEF, MER) with only one sample per child chosen at random if more than one was available. OTUs that were represented by less than 2 reads per sample on average were removed from the raw OTU table before calculating correlations [58] . The default settings were used and one-sided pseudo p-values were calculated (taking into account the direction of correlation) using 100 simulated datasets. For the MEF and MER, where one ear per child was selected at random, the analysis was repeated on a second set of samples with the opposite ear. Correlations with a significant (< 0.05) p-value in both sets of samples were considered true positives. Values from the first set are reported for correlations that were validated in this way.
Differential abundance analyses
Differential abundance of OTUs was assessed using the fitZIG function in the R package metagenomeSeq v1.18.0 [59] in R v3.4.1. fitZIG fits a zero-inflated Gaussian mixture model to test for differentially abundant OTUs between groups, and is also designed for use with microbiome data. Five models were fitted to compare the abundance of OTUs between sample types (case/control NPS, MEF/MER, MEF/NPS, MER/NPS and ECS/MEF). In all models, OTUs that were not present in at least 25% of the samples in that model were filtered from the analysis to reduce false positives. The data were normalised using metagenomeSeq's CSS normalisation [60] . The models were fitted as follows:
The model included sex (Male/Female), recent antibiotic usage (within the past month; Yes/No) and length of breastfeeding (Never/Under 6 months/6 to 12 months/ Over 12 months/Current) to control for these potential confounders. All nasopharyngeal swabs from both groups were included in the analysis except those with missing data for the above covariates (n = 4), leaving 98 control NPS and 86 case NPS for comparison. OTUs whose abundance was significantly different between the two groups compared (FDR-adjusted p-value ≤0.05) were retained if their median or mean relative abundance was at least 0.35% in one of the two groups compared. We chose this threshold as it discarded known environmental contaminants abundant in the negative controls (e.g. Delftia, Lysinibacillus) but retained low-abundance OTUs not found in the negative controls that are known upper respiratory tract colonisers (e.g. Veillonella). Heatmaps representing log CSS normalised OTU counts in the compared groups were created with superheat v0.1.0 [61] . Model coefficients (log 2 fold-changes; logFC) and p-values were derived from the MRcoefs function in metagenomeSeq.
Results
Study population characteristics
In our cohort, we assessed several environmental and clinical variables that may influence the risk of OM (see Table 3 ). The most significant difference observed between cases and controls was recent antibiotic usage, which was significantly more common in the cases. The length of breastfeeding and the presence of any other chronic illness were also significantly different between the two groups; the cases were breastfed for a shorter median time (5 months compared to 10.3 months) and had a higher incidence of chronic illness than the controls. Controls were not significantly different to cases in terms of age, season of collection or sex confirming successful matching of controls to cases at recruitment. We did note a higher proportion of males than females with rAOM in the case group.
Bacterial taxa identified across the samples A total of 31.7 million raw reads were generated across the four sequencing runs. After read pre-processing and OTU picking, the reads were clustered into a total of 123 OTUs. The full taxonomy of these OTUs is provided in Additional file 3, and the results from the positive and negative sequencing controls can be found in Additional file 4. Table 4 shows the aggregated relative abundance of genus-level taxa from all samples excluding those with a low read count (less than 1499 reads) and sequencing controls. Moraxella, Haemophilus and Streptococcus were abundant in the nasopharynx of the cases and healthy controls, but the control samples contained Dolosigranulum and Corynebacterium at higher abundance than the cases. The cases additionally contained Neisseria (10.9%), Gemella (3.2%), Porphyromonas (3.6%), Alloprevotella (2.4%) and Fusobacterium (2.7%) where these were almost absent in the controls (each below 0.3%). Of the three major otopathogen genera, Haemophilus was the most abundant in the middle ear, contributing to 18.5% of the total reads in middle ear fluids and 3.2% of the rinses. Streptococcus and Moraxella were less common, and were similarly lower in the MER than the MEF. While Haemophilus is prevalent in the fluids, overall the ear samples were dominated by Alloiococcus and Staphylococcus, with Turicella also abundant. These genera were not abundant in the nasopharynx of cases or controls. The ear canal did not contain any taxon that was not also seen at similar or higher aggregated relative abundance in the rinses or fluids.
Species-level identification could not be achieved with the V3/V4 region. Some taxa contain multiple OTUs (which may not be the same species). It is also possible that multiple species have been classified as the same OTU if the sequences are more than 97% identical.
Diversity within the nasopharynx and middle ear
We measured alpha (within-sample) diversity with the Faith's phylogenetic diversity (PD) and inverse Simpson (IS, alternatively reciprocal Simpson) metrics. Alpha diversity by sample type is shown in Fig. 1 . The nasopharynx of children with rAOM was significantly more diverse than the nasopharynx of the healthy controls. Within the same ear of the same child, the middle ear rinse was also significantly more diverse than the fluid but this difference was not as pronounced. The nasopharynx was also more diverse than the middle ear fluid when comparing within the same child.
Comparing the microbiome of the nasopharynx between rAOM-prone and rAOM-resistant children
Beta diversity represents the differences between samples; how similar or dissimilar they are to each other. We calculated beta diversity with the weighted UniFrac metric [56] on the raw read counts to determine whether there was a distinct microbiome related to case/control status, sample type or other covariates. Calculating beta diversity on raw counts is accurate [49] and was very similar to using rarefied counts (Procrustes analysis, see Additional file 5).
We compared the microbiome of the nasopharynx of cases to that of controls to identify genera that may be associated with rAOM (potential novel pathogens), or with apparent resistance to rAOM (potential candidates for probiotic therapy). Figure 2 shows a principal coordinates analysis (PCoA) plot of the UniFrac distances on the nasopharyngeal samples from cases and controls, where each sample is an individual point. The closer two points are, the more similar the microbiome of those samples. The nasopharyngeal microbiome of the cases was distinct from that of the controls, separating along the PC1 axis; indicating that much of the variability between samples is explained by case/control status. No grouping of samples was observed with any other covariate (including age, presence of chronic illness, attendance at day care or school, sex, previous hospital admission for infection, season of collection and presence of siblings), with the exception of those previously shown to differ significantly between cases and controls. The pattern of recent antibiotic usage overlapped with case/control status, which is expected, as most of the cases had recently taken antibiotics whilst usage in the controls was low. Current breastfeeding and breastfeeding for at least 12 months were also concentrated towards the controls along PC1, who had a higher median length of breastfeeding (see Table 3 ). There were no batch effects by sequencing run (see Additional file 6).
We then determined which OTUs were causing this difference between the two groups by fitting a model using the fitZIG function in metagenomeSeq [59] . The model controlled for recent antibiotic usage, sex and length of breastfeeding. Of the 33 significantly differentially abundant OTUs, 16 were above a threshold of ≥0.35% mean or median relative abundance in either group (see Methods) and are shown in Fig. 3 . Additional file 7 contains a full list of significant OTUs with adjusted p-values and log 2fold-changes between groups for all fitZIG models. Of these 16 OTUs, 14 were more abundant in the nasopharynx of the cases. Haemophilus (OTU6) was one of these with a logFC of 2.7 (p = 0.004), though it was commonly seen across both groups. The other otopathogen genera Moraxella (OTU2) and Streptococcus (OTU4) were not significantly different. The remaining 13 OTUs were found at low abundance in the cases, but were very low or almost absent in the controls (logFC = 0.96 to 4.4, p-values < 0.01). Those with the highest median log CSS counts were Gemella (OTU12) and Neisseria (OTU13). The representative sequences for these OTUs did not match any species definitively with BLASTN 2.6.1 [62] against 16S rRNA sequences; OTU12 matched G. taiwanensis and G. haemolysans at 100%, with OTU13 hitting several Neisseria species at 98-99% identity. However, the SILVA database classified the sequence as N. lactamica. Three OTUs were more abundant in the nasopharynx of controls compared to the cases. Moraxella (OTU10, distinct from OTU2 which was abundant across all nasopharyngeal samples and was not significantly different here) was found at low relative abundance in both groups, but was prevalent in several controls (logFC = 2.0, p = 0.05). The representative OTU sequence for this Moraxella OTU matches M. lincolnii using BLASTN [62] . Dolosigranulum (logFC = 3.0, p = 0.002) and Corynebacterium (logFC = 4.1, p = 8.9 × 10 − 6 ) were both low in the cases but significantly more abundant in the controls. Dolosigranulum only has one species (D. pigrum), but this Corynebacterium OTU (OTU8) could not be identified at species level with BLASTN [62] .
Comparing the microbiome of different sample types within children with rAOM
We compared the microbiome of the nasopharynx, middle ear and ear canal in children with rAOM to identify novel bacteria that may be involved in the disease. The NPS are distinct from the ear samples in a weighted UniFrac PCoA plot (Fig. 4) . The MEF, MER and ECS samples do not form distinct groups and are more sparsely distributed than the NPS. The ear samples (MEF, MER and ECS) were not observed to group by any other covariates (including antibiotic use, age, duration of breastfeeding, presence of other chronic illness, current attendance at day care or school, sex, previous hospital admission for infection, season of collection and presence of siblings), and there were no batch effects by sequencing run (see Additional file 8); suggesting that the sparse layout of these samples in Figure 4 is most likely due to large differences between individual children.
Pairs of left and right ear samples from the same child were strongly correlated. When comparing pairs of taxa summaries, the fluids had a Pearson correlation coefficient of 0.833 (95% CI 0.821-0.844, non-parametric p = 0.001, 999 permutations) and the rinses, 0.858 (95% CI 0.849-0.867, non-parametric p = 0.001, 999 permutations). They are also moderately similar following Procrustes analysis (see Additional file 9; m 2 = 0.340, p < 0.001, 999 permutations) but many pairs are distant. A lower m 2 value indicates higher similarity between datasets. To ensure robust results, downstream analyses that required independent samples (i.e. only one ear per child where two were available) were run with the left or right ear randomly chosen (Set 1), and then repeated with the sample from the opposite ear (Set 2) for agreement.
Middle ear fluid and middle ear rinse
Sampling of the MEF in a subset (60%) of the cases was followed by a saline MER to attempt to capture bacteria that may not otherwise be detected in the fluid (for example, bacteria present in biofilm adhered to the mucosa). The taxonomic composition of the two sample types were strongly correlated when comparing samples from the same ear (Pearson correlation coefficient 0.835, 95% CI 0.826-0.843, non-parametric p = 0.001, 999 permutations) and they occupy a similar area on the PCoA plot ( Figure 4 ). Procrustes analysis on the first three principal coordinates between these pairs indicated that the sample types are only moderately similar (m 2 = 0.335, p < 0.001, 999 permutations; see Additional file 10).
To determine which OTUs were differentially abundant between the MEF and MER, we fitted a fitZIG model on MEF/MER pairs from the same ear with the Set 1/Set 2 approach (see Methods). The 7 significantly differentially [56] abundant OTUs above threshold are shown in Fig. 5a (two additional OTUs above threshold were dropped for disagreement between Set 1 and Set 2). Staphylococcus (OTUs 3, 212, 269 and 1003), Alloiococcus (OTU1) and Turicella (OTU7) were found at higher abundance in the MER than in the MEF (logFC = 0.9 to 2.1, p-values < 0.0007). Haemophilus (OTU6) was more abundant in the MEF than in the MER (logFC = 1.2, p = 2.5 × 10 − 9 ). While three Staphylococcus OTUs (OTU212, OTU269 and OTU1003) were found at very low abundance, all other OTUs were found at moderate abundance in both sites.
Middle ear and nasopharynx
We found that the middle ear and nasopharynx of children with rAOM were not highly concordant. In Fig. 4 , the NPS samples are distinct from the ear samples (including MEF, MER and ECS). Differential abundance analysis revealed 23 significant OTUs above threshold between the MEF and NPS (an additional 2 OTUs above threshold were dropped for disagreement between Set 1 and Set 2), and 18 OTUs when comparing the MER to the NPS (4 OTUs above threshold dropped for disagreement). The abundance of significant OTUs are shown in Fig. 5b and c. Overall, the genera Staphylococcus (OTU3), Alloiococcus (OTU1) and Turicella (OTU7) were highly abundant in the middle ear, with very low abundance in the nasopharynx (logFC = 2.6 to 5.2, p-values < 0.001); these genera appear to be characteristic of the middle ear. OTU3 matched several species of Staphylococcus above 97% with BLASTN, however Alloiococcus and Turicella both contain one known species each (A. otitidis and T. otitidis respectively). The otopathogen genera Haemophilus (OTU6), Moraxella (OTU2) and Streptococcus (OTU4) were moderately abundant in both sites but were higher in the nasopharynx (logFC = 2.3 to 6.4, p-values < 0.002). Several OTUs including Gemella (OTU12) and Neisseria (OTU13) were Fig. 3 Log CSS normalised counts of differentially abundant OTUs between rAOM-prone and rAOM-resistant children. OTUs shown are significantly differentially abundant between the nasopharyngeal samples of the cases and controls and are additionally found above the threshold of ≥0.35% mean or median relative abundance in at least one group. Differential abundance analysis controlled for recent antibiotic usage, length of breastfeeding and sex; children with missing data for any of these covariates were excluded (n = 4). log 2 FC refers to the log fold change of OTU abundance from cases to controls Fig. 4 Principal coordinates analysis (PCoA) on samples from children with rAOM. Distances between samples were calculated using the weighted UniFrac metric [56] at very low abundance in the middle ear and higher in the nasopharynx, though still low overall (logFC = 0.8 to 3.6, p-values < 0.05). These low-abundance OTUs appear to be contributing to the increased diversity seen in the nasopharynx compared to the middle ear. Differences between the middle ear and nasopharynx were generally more pronounced when comparing to the MER samples.
Middle ear fluid and ear canal
The ear canal samples were taken to assess which bacteria may potentially contaminate the MEF and MER samples during collection. No bacterial taxa were present in the ear canal that were not present in the middle ear, and the dominant bacteria in the canal were also dominant in the middle ear (see Table 4 ). Shown in Fig. 5 d, only three OTUs were significantly differentially abundant between pairs of ECS and MEF samples. Alloiococcus (OTU1), Turicella (OTU7) and Staphylococcus (OTU3) occurred at higher abundance in the ear canal (logFC = 2.9, 1.7 and 2.7 respectively; p-values < 0.004), though they were common in both sites. Haemophilus (OTU6) was higher in the middle ear fluid with a log fold change of 3.6 (p = 2.5 × 10 − 13 ).
Patterns of bacterial co-occurrence
We searched for strong correlations between the dominant OTUs representing the known otopathogen genera (Haemophilus, Streptococcus and Moraxella) and also between the OTUs we found to be characteristic of the case or control nasopharynx, or the middle ear. Correlations were determined separately for each sample type with SparCC [58] . Correlograms showing the overall pattern of correlations for each sample type are shown in Fig. 6 , and a full list of correlations can be found in Additional file 11.
Within the case nasopharynx, there were several moderately strong (0.6-0.8) correlations with p < 0.01 (100 simulations). The strongest correlations observed were between low-abundance OTUs Haemophilus (OTU1033) and Moraxella (OTU1073) with coefficient 0.80; between the most abundant Moraxella OTU (OTU2) and Haemophilus (OTU1033) with coefficient 0.77 and between Gemella (OTU12) and Porphyromonas (OTU23) with coefficient 0.70. Gemella (OTU12) and Neisseria (OTU13), OTUs that were significantly more prevalent in the cases than in controls, were also positively correlated (0.65). Correlations between the dominant OTUs for Haemophilus (OTU6), Moraxella (OTU2) and Streptococcus (OTU4) were not significant. Within the control NPS samples, there were fewer significant correlations observed. A moderately strong correlation (0.722, p < 0.01, 100 simulations) was detected between Corynebacterium (OTU5) and Dolosigranulum (OTU8), which were significantly more prevalent in the nasopharynx of controls than cases. Moraxella (OTU10) correlated only weakly with other OTUs.
In the middle ear, the dominant Staphylococcus (OTU3) correlated with other low-abundance Staphylococcus OTUs (1003 and 212), with coefficients 0.61 to 0.73 (p-values < 0.01, 100 simulations) in both the MEF and MER. These minor Staphylococcus OTUs were also moderately to strongly correlated with each other (coefficient 0.83 in MER, 0.71 in MEF). A moderately negative correlation was observed between Staphylococcus (OTU3) and Alloiococcus (OTU1) in the MER (coefficient = − 0.52, p < 0.01, 100 simulations), although this association was weak in the MEF (coefficient = − 0.3, p < 0.01, 100 simulations). The genera that appear to be characteristic of the middle ear, Alloiococcus (OTU1) and Turicella (OTU7), only weakly correlated with each other in the MEF (coefficient = 0.37, p < 0.01, 100 simulations) but not in the MER. No significant correlations were found between Haemophilus (OTU6), Streptococcus (OTU4) and Moraxella (OTU2) in either the MEF or MER.
Detection of respiratory viruses
We tested all MEF and NPS samples for common respiratory viruses. The identification rates (the percentage of positive samples out of the total number of samples tested) are shown in Table 5 . Amongst the NPS samples, 61.3% of the cases were positive for at least one virus compared to 47.6% of the healthy controls, though the odds of detecting any virus were not significantly higher in the cases (OR 1.4, (0.8, 2.6) ). The odds of detecting respiratory syncytial virus (RSV) were 9.6 times higher (2.2, 60.5) in the cases than the controls. HMPV was also substantially different between the groups; while the detection rate was low in the cases (8.6%) the virus was not detected in any of the controls. For all other viruses tested, the odds of detection were also significantly higher in the cases than in the controls. RV was the most frequently detected virus overall, seen in 43% of case NPS and 34% of control NPS. No samples in either the cases or controls tested positive for HBoV.
We calculated the rate of concordance in viral detection between the MEF and NPS for each virus to determine whether any of these viruses are found at both sites in the same child (Table 6 ). Overall, the concordance rates were low; RV showed the highest concordance rate with 44.4% of cases with RV having detectable virus in both sites. Each virus was detected more frequently in the nasopharynx than in the middle ear, with the exception of IFV which was only detected in one NPS and one MEF from different children.
Discussion
The microbiome of the middle ear in children with rAOM has remained relatively unexplored. Modest proportions of children with AOM carry no detectable otopathogen in the MEF by culture [5, 7] or PCR [5, 8] , so there is an opportunity for the identification of novel otopathogens by studying the microbiome of the otitis-prone middle ear. Additionally, studies of the microbiome can help to identify protective bacteria that give rise to probiotic therapies [28] [29] [30] , which present a novel treatment option for a c b d Fig. 6 Correlations between OTUs. Correlation coefficients between OTUs were calculated by SparCC [58] within the a) Case NPS; b) Control NPS; c) MEF and d) MER. One sample per child was included in each set. Non-significant correlations (one-sided p > 0.05) are coloured white. N refers to the number of samples included in each correlation analysis, which tested for correlations between all OTUs observed in those samples rAOM. Our study explored both of these opportunities and found evidence of bacterial genera that may represent novel otopathogens as well as genera that are worth further investigation as probiotic candidates. In doing so, we have, to our knowledge, characterised for the first time the microbiome of both the middle ear and nasopharynx in children with rAOM.
Our study determined that the nasopharyngeal microbiome of rAOM-resistant children is distinct from that of rAOM-prone children. Specifically, we identified three bacteria that were more abundant in our healthy controls: Corynebacterium (OTU8), Dolosigranulum (OTU5) and, to a lesser extent, Moraxella (OTU10). The exact Corynebacterium species could not be determined, but the genus Dolosigranulum contains only one species, D. pigrum, and the Moraxella OTU was most likely M. lincolnii by BLASTN. This Moraxella OTU was distinct from the dominant Moraxella (OTU2) found abundantly in the nasopharynx of both cases and controls, but OTU10 was not prevalent in the nasopharynx of all controls. The results of our study are supported by previous reports that Corynebacterium and Dolosigranulum are found in the nasopharynx of healthy adults [63] and children [64, 65] and may be associated with a decreased risk of AOM [66] . We also observed a positive correlation between Corynebacterium and Dolosigranulum which has been previously reported [67] . It has been suggested that the production of lactic acid by Dolosigranulum makes the surrounding environment more habitable for Corynebacterium species [68] , which would explain the cooccurrence we observed in our study. Some studies have observed a decrease in the abundance of these genera in the nasopharynx of children who had taken antibiotics in the preceding months [65, 66] , and they were also detected more frequently in the nasopharynx of breastfed compared to formula-fed 6 week old infants [69] . Together these results indicate that Corynebacterium and Dolosigranulum may be part of the normal flora of the nasopharynx, which might be strengthened by breastfeeding and disrupted by antibiotic use. In particular, D. pigrum is susceptible to amoxicillin [70] , the recommended antibiotic for treatment of AOM. Our cases had a shorter median breastfeeding duration and higher recent antibiotic use than the controls, suggesting that maintenance of this normal flora may be important in preventing rAOM.
Regarding the potential for Corynebacterium and Dolosigranulum to actively protect against the development of rAOM in the nasopharynx of controls, protective bacteria are often closely related to the pathogens they inhibit [18, 30] . Corynebacterium is a member of the same family as Turicella (one species; T. otitidis) and D. pigrum's closest relative is Alloiococcus (one species; A. otitidis) [71] . Alloiococcus and Turicella have both been identified as potential otopathogens [9, 72] and both were abundant in the MEF, MER and ECS of cases in this study, although they were not commonly found in the nasopharynx of our cases. Currently, the pathogenic role of Alloiococcus and Turicella, if any, is yet to be determined. Other studies have identified bacteria with a protective role that are not closely related to the pathogens they inhibit [28, 29] . In the anterior nares, Dolosigranulum has been linked to decreased rates of colonisation with S. aureus [73] and Corynebacterium has demonstrated activity against S. pneumoniae in vitro [74] , indicating the potential for pathogen inhibition by these bacteria in vivo. While we have shown that Corynebacterium and Dolosigranulum are characteristic of rAOM-resistant children, determining whether they play a role in protecting against rAOM is more challenging. We controlled for antibiotic usage within the month prior to sampling, however we did not have information relevant to long-term or repeat antibiotic usage, which is common in children with rAOM. We therefore cannot exclude the possibility that Corynebacterium and Dolosigranulum are depleted in the cases due to long-term or repeated antibiotic use. Additionally, as this is a crosssectional study we are not able to determine whether decreased Corynebacterium and Dolosigranulum precedes the development of rAOM, or if their depletion is a result of the disease. While our study is unable to answer these questions, the abundance of these genera in the controls warrants further investigation to determine whether they have a protective role in the nasopharynx. As well as identifying potentially protective bacterial species we also investigated the potential for novel otopathogen identification. It is generally accepted that the otopathogens originate from the nasopharynx and ascend the Eustachian tube to cause infections in the middle ear. We found that the middle ear and nasopharynx of children with rAOM were not highly concordant, supporting similar findings from previous reports [75, 76] . Haemophilus was the most abundant otopathogen genus in the MEF, which corresponds with surveillance studies reporting a predominance of non-typeable Haemophilus influenzae (NTHi) in children with rAOM since the introduction of the pneumococcal vaccine targeting S. pneumoniae [5] . However, Haemophilus, Moraxella and Streptococcus were observed at low abundance in the MEF and MER compared to Alloiococcus (OTU1), Staphylococcus (OTU3) and Turicella (OTU7), with Alloiococcus the overall most abundant genus in the MEF, MER and ECS. There are many species of Staphylococcus, and we couldn't identify OTU3 at species level by BLASTN. S. aureus has previously been isolated from the MEF of children with AOM [77] but is usually associated with chronic suppurative OM where the tympanic membrane is perforated [78, 79] . The other genera each contain only one species (A. otitidis and T. otitidis respectively) which have previously been identified as possible otopathogens [9, 72] . At present, the role of these bacteria in OM is still under debate [10, 80] . A. otitidis has been frequently detected [8, [81] [82] [83] at high abundance [81, 82] in MEF, usually from children with OME; but T. otitidis has been less well studied. Recently, its abundance was associated with older children (> 24 months) with COME [84] , though we did not observe this pattern in our cohort. Unlike the known otopathogens, Alloiococcus, Staphylococcus and Turicella have been identified as members of the normal ear canal flora in both children and adults [85] and in our study were more abundant in the ECS than in the MEF. Also unlike the otopathogens, Turicella was almost absent from the nasopharynx of our cases, whilst Alloiococcus and Staphylococcus were also uncommon in this niche. Alloiococcus has previously been isolated infrequently from the nasopharynx of children with upper respiratory tract infections or a history of AOM [8, 10] . The rarity of Alloiococcus and Turicella in the nasopharynx suggests that they may typically colonise the middle ear. Few studies have investigated the normal flora of the healthy middle ear; when healthy, this site contains no fluid and is inaccessible without a surgical procedure. Those that have sampled this site in healthy children did not report Alloiococcus [86, 87] and Turicella appears to have only been observed once in the healthy middle ear of an adult [87] . While Alloiococcus, Staphylococcus and Turicella seem to have the potential to be novel otopathogens, we cannot yet exclude the possibility that they are normal aural flora.
We also observed increased abundance of Alloiococcus, Staphylococcus and Turicella in the MER compared to the MEF; whilst Haemophilus was more common in the MEF and Streptococcus and Moraxella were not significantly different between the two sample types. It is possible that Alloiococcus, Staphylococcus and Turicella adhere to the mucosa and were more efficiently sampled by the MER; differences between the middle ear and NPS were more pronounced when comparing the MER than MEF, suggesting the MER might better represent the microbiome of the middle ear. Alternatively, the MER may include contamination from the ear canal, as Alloiococcus, Staphylococcus and Turicella were the most dominant organisms in the canal and were significantly more abundant here than in the MEF. We observed increased diversity in the MER compared to the MEF, though our differential abundance analysis revealed significant differences only between genera that were common in both sites. The increased diversity may therefore include low abundance contaminant OTUs, suggesting that sampling methods to obtain the MER may be more prone to environmental or skin contamination than the MEF. However, as there were no genera unique to the ear canal and the genera at this location were found abundantly in both the ear canal and middle ear it is difficult to determine whether the canal flora contaminates the middle ear fluid with Alloiococcus, Staphylococcus and Turicella during sampling.
We observed that the nasopharyngeal microbiome of the cases was significantly more diverse than that of controls. This is in contrast to studies of the gut microbiome (a high-diversity environment [88] ), where greater diversity has been associated with a healthy state, and a decrease in diversity is characteristic of disease [89, 90] . However, studies of the vaginal microbiome (a low-diversity environment [91] ) have shown a similar pattern to that observed in the nasopharynx in our study; that a lower diversity is observed in the healthy environment with an increased diversity being characteristic of disease [92, 93] . Previous studies suggest that the nasopharynx is dominated by only a few taxa [64, 65] so it may be that this pattern is characteristic of less complex microbiomes. Additionally, a study in the adult nasopharynx determined that a more diverse microbiome was more susceptible to colonisation with S. pneumoniae [63] . We cannot determine from our crosssectional study whether the higher diversity in the cases occurs before or after the development of rAOM, or as a consequence of repeat antibiotic treatment where the normal nasopharyngeal microbiome is disrupted, perhaps allowing the community to diversify. A study in adults has indicated that the gut microbiome can begin to resemble its original state in as little as one week after antibiotic treatment [94] , though this recovery is often incomplete. The microbiome of adults with cystic fibrosis is similarly resilient to short-term antibiotics [95] . However, antibioticinduced changes in the microbiome in children may be more long-term. In the gut microbiome of children, reduced richness can persist for up to 2 years after the use of macrolides [96] . Similarly, after long-term oral and inhaled antibiotic use the taxonomic richness of the microbiome in children with cystic fibrosis is markedly reduced [97] . It is possible that in our cohort, the nasopharyngeal microbiome of rAOM-prone children has been altered by antibiotic use that extends beyond the month prior to sampling that we controlled for. However, based on these studies, a reduction in microbial diversity would be expected with repeated antibiotic use; this is the opposite effect to what we observed in our cases.
The increased diversity in the case nasopharynx was contributed to in part by the presence of Gemella (OTU12) and Neisseria (OTU13), which positively correlated with each other. The OTU representative sequences matched multiple species above 97% identity with BLASTN, however the SILVA database classified OTU13 as N. lactamica, which is a commensal of the nasopharynx in children [98] . While Gemella and Neisseria were characteristic of the nasopharynx in children with rAOM, their abundance in the middle ear was significantly lower, suggesting these genera are not involved in pathogenesis in the middle ear and are unlikely to be novel otopathogens. Both Neisseria and Gemella have been observed in the nasopharynx of children with upper respiratory illness and AOM [66] , though Neisseria has also previously been reported amongst the healthy flora of the nasopharynx [64, 99] . It is therefore unclear whether these genera play a role in the nasopharynx of children with rAOM or if they represent a shift in the composition of the microbiome due to repeated antibiotic usage or other factors.
Contrary to the results of our study, Hilty et al. [99] and Pettigrew et al. [66] both reported decreased diversity in the nasopharynx of children with AOM compared to children without AOM. The nasopharyngeal samples in these studies were taken during an episode of AOM, so possibly better represent the nasopharyngeal microbiome at this time. However, the majority of healthy controls used for comparison did not attend day care and most of the cases did not have a history of recurrent AOM (or this information was not provided), so these cohorts may represent less extreme ends of the phenotypic spectrum of disease.
Episodes of AOM often occur after a viral upper respiratory tract infection, [100] with bocavirus (HBoV) [101] , rhinovirus (RV) [6] and respiratory syncytial virus (RSV) [102] commonly found in children with AOM. Rhinovirus was the most frequently detected virus in the nasopharynx of both our cases and controls. We detected other viruses more frequently in the cases than controls, though the odds were not always significant as relatively few viruses were detected overall. The odds of detecting respiratory syncytial virus were significantly higher in the cases than controls, which supports its association with an increased risk of AOM [103] . We also observed human metapneumovirus (HMPV) in the nasopharynx of a small number of cases, but it was absent from all of the controls, suggesting an association with rAOM. HMPV has previously been observed in 5% of children with upper respiratory tract infections, with half of these also experiencing AOM [104] . Our results were similar to the patterns of viral detection in the nasopharynx in an independent Western Australian cohort of children with and without rAOM [6] , though the overall rate of viral detection was higher in that study (rAOM: 94% with at least one virus detected, controls: 71%, compared to our 61% and 48% respectively). This may be because they additionally tested for polyomavirus and enterovirus, which they found in 36% and 17% of children with rAOM respectively; for polyomavirus this was significantly higher than in their healthy controls. Bocavirus was not detected in any of the cases or controls in our study, although it has previously been seen in children with rAOM [6, 101] . We detected viruses less often in the middle ear than in the nasopharynx, which Wiertsema et al. [6] also reported. Despite lower viral identification rates, results from our cohort therefore seem to follow the same pattern as previously reported in Western Australian children.
Rhinovirus [105] and respiratory syncytial virus [106] have been observed to enhance the adherence of S. pneumoniae to epithelial cells in vitro. It has previously been reported that rhinovirus presence correlates with presence by standard culture of each of the three major otopathogens [107] , and adenovirus with M. catarrhalis presence assessed by culture and PCR [6, 107] . We could not observe this in our study as 16S rRNA gene sequencing could not identify the otopathogen species; sequences that are more than 97% identical are grouped into the one OTU, which we could only identify at genus level. It is possible that Haemophilus, Streptococcus and Moraxella OTUs include both the otopathogens and commensal species from the same genus, which would obscure viral/otopathogen correlations.
One limitation specific to our study is that grommet surgeries are generally not performed during active infection, so the microbiome of our rAOM-prone children may not be fully representative of the microbiome during an episode of AOM. 16S rRNA studies in general can provide a comprehensive overview of the taxonomic composition of the microbiome, but are limited in that they do not provide information on microbiome function or gene content. Additionally, there are important biases to consider when conducting these studies. DNA extraction methods [108] and amplicon primers [39] work with variable efficiency across bacterial taxa, which can result in the underrepresentation of some bacteria. Our DNA extraction protocol and amplicon primers were chosen based on recommendations by Yuan et al. [108] and Klindworth et al. [39] respectively to reduce this bias. The number of copies of the 16S rRNA gene can vary amongst bacteria [109] , even between strains [110] which can inflate OTU abundance. Additionally, copies within a single genome are not always identical [111] , which can inflate the number of OTUs detected. Samples can be contaminated with DNA found in reagents and the laboratory environment [112] , and there is the potential in our study for contamination during sample collection (i.e. from the ear canal or anterior nares). Contamination can heavily influence low biomass environments [112, 113] , however we sequenced positive and negative controls to address this (see Additional file 4). Furthermore, it is difficult to achieve species-level identification with 16S rRNA sequencing as related species are often very similar in this region and the efficiency of classification also varies depending on the region of the 16S rRNA gene [114] . There is the possibility that there are commensal bacteria that we could not detect which are within the same OTU as the otopathogens. For example, Haemophilus haemolyticus and Streptococcus salivarius are closely related to otopathogens and have shown promise in other studies as candidates for the prevention of rAOM [21, 115] . Metagenomic shotgun sequencing addresses the issue of species-level identification as it sequences across the entire genome, and can thereby also provide information on gene content and function. However, DNA sequencing itself can only detect bacterial presence and does not indicate bacterial viability or activity. Metatranscriptomics addresses this issue, but this is a relatively new field and has not yet been applied to OM. The precautions taken in our study aimed to reduce the biases inherent to 16S rRNA sequencing, however we acknowledge that the relative abundance of taxa may not reflect the true proportions of bacteria and the genera we have detected may contain multiple species which are not necessarily viable or active.
Conclusions
Our study has provided the first comprehensive exploration of the microbiome of the middle ear and nasopharynx in children with rAOM. We have taken an important step in the identification of candidate therapeutic bacteria derived from the healthy microbiome by observing significantly higher proportions of Corynebacterium and Dolosigranulum in the nasopharynx of healthy controls. Further research should focus on investigating their potential to inhibit the known otopathogens, and it would be of interest for longitudinal studies to determine whether the abundance of these genera change prior to or as a result of rAOM. We have also identified Alloiococcus, Staphylococcus and Turicella as potential otopathogens, though their relative absence in the nasopharynx and abundance in the ear canal means we cannot rule out their role as normal aural flora. Gemella and Neisseria contribute to increased diversity in the nasopharynx of children with rAOM, but do not appear to colonise the middle ear and are therefore not likely to be novel otopathogens. Shotgun metagenomics and metatranscriptomics are the next steps towards achieving species-level or strainlevel resolution of these bacteria of interest and confirming their viability and investigating their activity in the middle ear. Our study has contributed significantly towards greater understanding of the microbiome of the upper respiratory tract in children with rAOM, and has taken an important step towards the development of specific probiotic therapies for the disease. Additional file 7: Table S3 . Complete list of significantly differentially abundant OTUs determined by metagenomeSeq. All differentially abundant OTUs between a) MEF and MEF; b) MEF and NPS; c) MER and NPS; d) ECS and MEF are shown with their log fold change, p-values and mean and median abundance. OTUs in bold/grey are those above the selected threshold of at least 0.35% mean or median abundance in at least one group, and were present in both sets of samples where applicable. Set 1 refers to the set of samples were the left or right ear was chosen at random; these numbers are reported in results. Set 2 refers to the set of samples where the opposite ear was chosen; these results were only used for validation of the differentially abundant OTUs from Set 1. (XLSX 29 kb) Additional file 8: Figure S4 . Beta diversity PCoA in the samples from the cases, sorted by other covariates. Samples from the cases shown in Fig. 5 are coloured by other covariates. NA refers to samples where the covariate was not applicable or was missing (not given or recorded 
